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Scattering of hydrogen atoms from liquid-helium surfaces

J. J. Berkhout and J. T. M. Walraven
Universiteit van Amsterdam, Van der Waals-Zeeman Laboratorium, Valckenierstraat 65/67,
1018 XE Amsterdam, The Netherlands
(Received 24 August 1992)

We analyze in detail experiments in which we study the interaction of atomic hydrogen with
liquid-helium surfaces. A theoretical background and a description of the experimental setup is
given. A first experiment measured the transmission of hydrogen atoms through a capillary in
the temperature interval of 145 < T < 526 mK for “He surfaces and 73 < T < 174 mK for 3He
surfaces. To extract the thermally averaged sticking probability s we need a model relating the
atomic sticking coefficient s(v) to the capillary transmission K. We analyze our data with a model
based on a fixed s(v), resulting in s = 0.33(3)T, and a model based on a speed-dependent s(v),
resulting in s = 0.65(6)7". The data show s to be linearly dependent on temperature. We do not
observe any significant difference in s between “He and ®He surfaces. In a second experiment we used
a hemispherical liquid-helium covered quartz mirror to focus a hydrogen atom beam. The resolution
of our setup is about 10 mrad, which is sufficient to study direct near-elastic scattering, providing
precision data for the sticking coefficient is available.

I. INTRODUCTION

Scattering hydrogen atoms from the surface of liquid
helium has attracted interest from a variety of phys-
ical fields.!™ The topic originates in studies of (spin-
polarized) hydrogen at low temperatures, where inelastic
scattering processes provide the mechanism to exchange
heat between bulk H gas and helium covered walls of
a sample cell. In particular at high gas densities or at
low temperatures, where recombination to the (solid)
molecular state Hy is most effective, substantial temper-
ature differences may develop between gas and surface.
This issue arises in experiments aimed at achieving Bose-
Einstein condensation in electron spin-down polarized
hydrogen (H|) by compression methods.5 12 In experi-
ments to accumulate electron spin-up polarized hydrogen
(H?) using pure field confinement in a magnetic trap,
walls provide a cooling mechanism during filling.!3717
There one has to strike a subtle balance between cooling
efficiency and flux losses due to surface recombination or
spin relaxation.!® 20 From a more general point of view
the scattering of hydrogen atoms from the surface of lig-
uid helium may be regarded as a model system to study
the low energy limit of atom surface scattering. Apart
from beam-type scattering experiments experimental in-
formation may be extracted from data for the sticking
coefficient s, defined as the probability that a colliding
atom will be scattered into a surface bound state, or from
the accommodation coefficient «, characterizing the en-
ergy transfer per collision.

In this article we analyze two series of experiments in
which we addressed the scattering of neutral hydrogen
atoms from the surface of liquid helium in the tempera-
ture regime where quantum effects dominate the physics.
First we studied the effect of sticking on the flow of H gas
through a capillary.?! This capillary flow (CF) experi-
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ment proved that the average momentum of the atoms
parallel to the capillary axis is largely conserved in the
flow, which was interpreted to imply the presence of sub-
stantial specular reflection on the capillary surface. The
second series of experiments were done to obtain addi-
tional support for this interpretation and to look for the
presence of direct (nonsticking) inelastic scattering using
an atomic mirror.22 As the results of the CF experiment
showed that reflection of H atoms at a surface turns out
to be high and the influence of substrate roughness is
not too important, the feasibility of this mirror reflec-
tion (MR) experiment became clear. Generally, informa-
tion about the atom-surface collisions is best obtained by
angularly resolved measurements of single atom-surface
scattering for the whole range of angles of incidence. In
the MR experiment the effect of individual collisions of
atoms incident along the surface normal were observed
by using the reflection of atoms at a mirror surface to
focus an atomic beam. An experimental advantage of
this approach is the relatively easy detection due to the
large integrated intensity. In these experiments for the
first time focusing of an atomic beam by means of a solid
mirror could be demonstrated.

This article is organized as follows. First we summarize
the theoretical and experimental background. Then we
discuss the principle of our experiments and describe the
detailed experimental setups. Section V deals with the
measurements and their interpretation. The conclusions
are given in Sec. VI.

II. BACKGROUND

If a H atom collides with a liquid-helium surface, in
general three types of scattering processes may occur,
two of which are inelastic; the third channel is elastic
(see Fig. 1).
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c) Sticking and desorption process

FIG. 1. Scattering of H atoms from a liquid-helium sur-
face may be (a) elastic, (b) inelastic nonsticking, or (c) inelas-
tic by sticking and desorption; @ is the angle of incidence of
the atom, 6’ the angle of reflection.

The elastic collisions, in which the energy and the mo-
mentum parallel to the surface are conserved, lead to
specular reflection, be it that microscopic roughness may
cause the reflection to appear as nonspecular with respect
to the macroscopic substrate.

Inelastic scattering may be divided in direct inelas-
tic processes in which the atom is reflected nonspecu-
larly without adsorption, and sticking processes where
the atom scatters into a surface bound state. In prin-
ciple heat transfer is sensitive to both types of inelastic
collisions. However, the direct inelastic channel is less
efficient in this respect by a factor of order (e, /kgT) 15
compared to the sticking channel (here ¢, is the surface
adsorption energy and kg is the Boltzmann factor).23:24
For H on %He, ¢, = 1.00(2) K,?® so the energy trans-
fer of this process becomes quickly unimportant for tem-
peratures below 500 mK. Also the momentum transfer
parallel to the surface will become very small, so its influ-
ence on the capillary flow will be negligible. Nevertheless,
as we shall argue in this paper the probability for near-
elastic scattering may remain important at lower tem-
peratures for experiments discriminating between elastic
and near-elastic scattering. This view is supported by
calculations.26:27

Experimentally the sticking process is characterized by
the sticking coefficient s, defined as the probability that
a colliding atom will enter a surface bound state. The
heat transfer is characterized by the accommodation co-
efficient o which is defined as
a= lim 9—‘—’:& , 1)

To=Tw Qg — Qu

where Qg is the average kinetic energy flux (heat flux)
carried by the incident gas atoms, T}, is the gas temper-
ature, Q, the outgoing heat flux, and Q,, the outgoing
heat flux if all incident atoms are thermalized on the sur-
face at temperature T,,. For Ty, ~ T, the net heat flux
from gas to surface is given by
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P~ 0®2%kp(T, — Ty) , 2)

with ® the total incident atomic flux.

For a thermal gas of hydrogen atoms s was first deter-
mined by Jochemsen et al.2%:2? Using magnetic resonance
they found s = 0.046 at T' ~ 200 mK for 4He surfaces and
s = 0.016(5) for 3He surfaces at T~ 100 mK. Salonen et
al. measured ballistic heat transport with a time-resolved
method and found a = 0.2(1) for H on *He.3? In a sub-
sequent steady-state heat flux experiment Salonen et al.
(SJKTT) obtained a = 0.19(5) for T = 440 mK.3! Bell
et al. found a to decrease from a = 0.8(4) at 600 mK
to @ = 0.4(2) at 275 mK.® Helffrich et al. also found
a decreasing a for decreasing temperature in the range
180-400 mK with a SJKTT-type experiment.32 Recently
Doyle et al. extended the temperature range studied by 3
orders of magnitude. They observed an increasing stick-
ing coefficient with decreasing temperature up to a value
of s =0.30 at T' = 100 uK.3® We noted slightly different
definitions of @ by the various authors.

The interpretation of the experiments mentioned in
the previous paragraph is primarily based on a model
in which H atoms either scatter elastically or enter a sur-
face bound state (the sticking process) under emission
of a single ripplon. The adsorption potential only sup-
ports a single bound state.343% The adsorbed atoms are
not localized in directions parallel to the surface but be-
have as the atoms of a nearly free two-dimensional gas.3¢
The wave function of an adsorbed atom may therefore be
written as

U (R, Z) = A~ % exp(ik - R)$(2) , (3)

in which k is the component of the wave vector parallel
to the surface, R is the two-dimensional position vector,
Z is the distance to the surface reference plane with area
A, and ¢(Z) is a function describing the Z dependence
of the wave function. The sticking of the atoms leads
to a surface density ng which in thermal equilibrium is
related to the volume density ny by the surface adsorp-
tion isotherm. For volume densities of practical interest
in our experiments this surface adsorption isotherm may
be written as37

ns = ny A exp(e/ksT) , (4)

where Ay, = (272 /mkpT)/2 is the thermal wavelength
(m is the mass of the hydrogen atom). As was first
pointed out by Kagan and Shlyapnikov, the adsorption
process is accompanied by the excitation of a single rip-
plon and not significantly by the excitation of phonons.3®
The ratio of double ripplon emission to single ripplon
emission for the adsorption process was estimated by
Statt to be about 0.2.3° The dispersion relation for the
ripplons on a layer of helium covering a horizontal sub-
strate is given by%0:4!

2 _ 3o 3
wg = [(g + —mned4) q+ poq tanh(gd) , (5)

with w, the ripplon frequency, ¢ the ripplon wave
number, g the gravity acceleration, a the van der
Waals attractive constant (which is of the order of
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2x1075% Jm3),42 d the helium film thickness, v = 3.54 x
104 Jm~2 the *He surface tension at T < 0.5 K,43:44
and pp = 145 kgm~3 the *He bulk density. Except for
4He layers thicker than approximately 1 um the van der
Waals contribution dominates the gravity contribution
in Eq. (5). For typical *He films of about 100 A thick-
ness the gravity contribution is 8 orders of magnitude
smaller than the van der Waals contribution. The van der
Waals attraction also dominates over capillarity for rip-
plon wavelengths of order 4000 A and larger. The hyper-
bolic tangent incorporates the effect of the film thickness
on the ripplon dispersion. Ripplons with wavelengths
comparable to or smaller than this thickness behave as
those on bulk liquid.

In the adsorption process a substantial part of the
binding energy is converted into kinetic energy of the
atom in the adsorbed state. This is illustrated in Fig. 2,
in which the dispersion curves for ripplons and adsorbed
atoms are plotted for the case of vanishing incoming ki-
netic energy (Ex < €,). At the intersection of these
curves both the momentum parallel to the surface and
the energy are conserved, atom and ripplon having equal
but opposite momentum. The intersection point corre-
sponds to a ripplon with a wavelength A\, = 47 A and an
atom with a kinetic energy E*/kp = 423 mK. Thus, for
the sticking process on a typically 100 A thick film the
gravitational acceleration, the van der Waals term and
the thin film factor tanh(gd) are not important, reducing
Eq. (5) to

= (7/po)d® - (6)

After adsorption, two possible situations may occur.
The atom may be evaporated by interaction with a rip-
plon while still in the energetic state E* or thermalize
through ripplon interaction before it is evaporated at a
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FIG. 2. Plot of the dispersion relations of ripplons on a

4He surface (left axis) and H atoms (right axis). At the in-
tersection the sum of the kinetic energies of the H atom and
the ripplon equals the binding energy of the H atom on the
helium surface.
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later stage. Zimmerman and Berlinsky calculated the
mean time between ripplon interactions for a H atom on
the *He surface to range from 8.7 x 10™1? s at 400 mK to
2.4%x 1078 s at 100 mK, much shorter than the mean resi-
dency time on the surface 7, which ranges from 1x 108 s
at 400 mK to 3 x 10~% s at 100 mK.%® An expression for
Tas

Ta = ¢ }?Fexp(ea/kBT) , (7
is obtained by balancing the flux of sticking atoms ®, =
s® against the flux of desorbing atoms &3 = ngAr, !
for thermal equilibrium conditions. Here & = %nVT:A is
the total incident flux of atoms with A the surface area
and 7 = (8kpT/7wm)!/? is the average atomic speed.
The sticking probability was first calculated by Zim-
merman and Berlinsky®® and Kagan and Shlyapnikov.38
Recent calculations by Hijmans, Walraven, and
Shlyapnikov*® and Carraro and Cole*® discuss the stick-
ing probability on helium films, taking into account the
effects of the substrate. The more general problem of
calculating the accommodation coefficient has been ad-
dressed by Kagan et al.,2® Statt,3® and Goldman.*” In
these theories the helium surface is treated as the surface
of an incompressible liquid with a sharp density profile

p(r,z) = pobz + h(r)] . (8)

Here r is the two-dimensional position vector in the plane
of the surface, z is the coordinate perpendicular to the
surface, and 6(z) is the unit step function. Note that for a
surface with a smooth density profile the use of the error
function instead of the unit step function is more appro-
priate. The height fluctuations of the surface h(r) may be
expressed in terms of the elementary surface excitations,
the ripplons, using a normal mode decomposition:

hE) = 3 hae®” (9)

with q the ripplon wave vector. The ripplon amplitude
hq is expressed in terms of the ripplon creation rL and
annihilation rq operators as

_ [hqtanh(qd) 1/2 t
hq = [.—2p0T ('I"q —+ ’f‘_q) . (10)

The effective surface-atom interaction for an atom at
position (R, Z) with R the two-dimensional vector along
the surface is given in linear approximation by

6U (Z)

U(R, 2) = Uo(2) - Zh exp(iq - R)—L—,

(11)

with Up(Z) the static potential of a flat surface, and
Uqy(Z) defined as
Uy(Z) = nHe/e"‘q"'/V({r2 +1Z - 2)*}Y)0(2)dz d?r ,

(12)
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where nyge is the helium atom density. The interaction
Hamiltonian in second quantized form is given by

< 'aU «(2) >aL_q s s

(13)

mt—\/z Zh

o’,0,9,k

R(E, 8) = hq tanh(qd) < aU,(Z) 0>2

hA 2P0, oz
X[(1+ nq)(1 + Nk-q)8(E +€q

with (Z|B) the bound-state wave function of the atom
with kinetic energy Ey and (Z|o) the free-state wave
function. Further, ng is the occupation number for rip-
plons with momentum %q and Nx_q (K 1) is the anal-
ogous function for the H atoms. As the wavelength of
the ripplons involved in the transition from the free to
the bound state of the H atoms (47 A) is smaller than
the wavelength of thermal ripplons (typically 100 A at
200 mK) the thermal occupation of these states is van-
ishing (nq < 1). For the adsorption process the surface
therefore may be considered to be in its ground state
over the temperature range covered by our experiments.
The sticking probability is obtained by normalizing the
transition rate to the incident flux:

VR(E,#8)
A(E/2m)1/2 cos6 ’
with V' the volume of the sample cell. For low tempera-

tures (kBT < €,) the matrix element is proportional to
o, so in this limit

s(E,8) = soEY? cos 6 (16)

s(E,6) = (15)

or
s(v) = so(3mv?)2cos b , (17)

where sg is a proportionality constant. The thermally av-
eraged sticking coefficient for incoming atoms at an angle
6 with the normal on the surface, s(T', 6), and the overall
thermally averaged sticking coefficient, s(T"), follow from
integrating s(v) Py (T, v)dv, in which P, (T, v) is the nor-
malized velocity distribution of the incoming atomic flux
at temperature 7'. For a Maxwell-Boltzmann gas we find

2
[ m v cos § exp(—mv?/2kgT)
Py (T,v)dv = <kBT) o dv

(18)

By calculating s(7T',0) and s(T) we find for the angular
dependence

s(T,6) = 3s(T) cosb . (19)

As found by Zimmerman and Berlinsky the dependence
of s(E,6)/cosf continues to be weakly dependent on 6
even for higher temperatures, so Eq. (19) holds for higher
temperatures as well.36 Equation (16) also leads to the

— By — hwg) + ng(1 + Nk4q)0(F + €
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where o is associated with the momentum of the H atom
normal to the surface and may characterize the bound
state or one of the continuum states. Far from the sur-
face o is the component of the wave vector normal to
the surface and Ecos?6 = h?02/2m. The adsorption
rate R(E, §) per atom may be calculated using first-order
time-dependent perturbation theory:3¢

— Ef + hwy)] , (14)

[
thermal average of s, s(T'), being proportional to T'*/2
in the low-temperature limit. However, Goldman showed
that s is strongly dependent on the long-range part of
the interaction potential with the surface, and due to
resonant enhancement of the sticking process the low-
temperature limit for some potentials is only reached for
T < 1 uK.*” For helium films such resonances may be in-
duced by the substrate potential as discussed by Hijmans
et al.*5 and Carraro and Cole.6

In the regime where direct inelastic scattering is unim-
portant, that is for temperatures below 500 mK, Eq. (1)
may be used to relate the accommodation coefficient to
the sticking coefficient. From the Boltzmann distribution
follows

Qg = 2kpT,® (20)
and
Qu = 2ksT,d , (21)

where @ is the total incoming flux of atoms. The average
outgoing heat flux @, depends on the distribution of in-
coming atoms P;, (T, v) and that of the desorbing atoms
Pyt (Tw,v). To find the velocity distribution of the de-
sorbing atoms, we apply the principle of detailed balance:
the incoming atomic flux ®in(v)dv must, in equilibrium
conditions, exactly equal the outgoing flux ®qyu:(v)dv.
The incoming flux follows from Eq. (18):

Bip(v)dv = ®Py (T, v)dv . (22)
The outgoing flux consists of two contributions:
Doyt (V)dv = @i (V)1 — s(v)]dv
P T, V)Y [ sV By, (29
the first part being the flux due to the specularly scat-

tered atoms and the second part being due to the de-
sorbed surface atoms. As, by definition,

_ [ 8(v)®in(v)dv
s(T) = [ ®in(v)dv (24)
this balance leads to the relation
5(v)@in(v)dv = s(T)2Pout (T, v)dv (25)
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or
$(V)Pin (T, v)dv = $(T) Poy (T, v)dv . (26)

Like the outgoing atom flux the average outgoing heat
flux @, also consists of two parts:

Qo=92 / L1mw? P (T, v)[1 — s(v)]dv
+®5(T,) / L2 Pt (T, v)dv . 27)

Substitution of Egs. (20), (21), and (27) in Eq. (1) results
in

1
o= N T (T, =Ty

x [ Lmw? Py (T, v)s(v)dv

—s(Tg)/%mvaout(Tw,v)dv] . (28)

Using Eq. (26) this results in

s(Tw) d‘
2kp dT|p_rp, S(T)

/ Lmu?s(v) P (T, v)dv .

(29)

To reduce this expression we find an expression for
%mvai,,(T, v) by differentiating Eq. (18) with respect
to T

tmv?P(T,v) = 2kgT [ (T, v) + 1T d Pm(T v)]

(30)
By substituting this result in Eq. (29) and using Eq. (24)
we find
T
_r, S(T)
or, after some stralghtforward differentiation

1dlns(T) | 1d?Ins(T)
3 dnT ' 2 ([@InT)?

a=s(Ty) — d

[s)+ 377s0] L e

ao(T) = s(T) [1 + (32)
This expression enables the comparison of all experimen-
tal results on the sticking coefficient with those on the
accommodation coefficient. For the linear temperature
dependence of s observed in our experiments this rela-
tion reduces to a(T) = 3s(T). An equivalent form of
this expression has been given by Goldman.4”

The theory as described above may also be used to
calculate the amount of direct inelastic scattering. The
direct inelastic scattering rate may be found by replacing
(Z|B) with (Z|o/) in Eq. (14), taking N (k) to be the den-
sity of bulk atom states, and adapting the sum over final
states to bulk instead of bound states. For direct inelastic
scattering over small angles the density of states of ther-
mal ripplons is not negligible. Furthermore, the ripplons
involved in this type of scattering have large wavelengths,
so both the van der Waals term and the thin film factor
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in Eq. (5) have to be taken into account and the use
of the reduced equation (6) is not allowed anymore. A
calculation by Hijmans and Shlyapnikov shows that for
atoms perpendicularly incident on the surface the proba-
bility for direct inelastic scattering becomes greater than
the probability for sticking for scattering angles less than
about 0.2 rad at 500 mK down to 0.1 rad at 100 mK.26

III. EXPERIMENTAL SETUP

In the CF experiment the aim was to determine s(T").
We use two volumes connected by a capillary (see Fig. 3).
At the start of a measurement, one of the volumes, the
buffer volume, contains a quantity of H gas. The second
volume, the pump volume, is kept empty of H atoms at
all times (by recombining them to Hy molecules). The
atoms travel through the capillary from the buffer vol-
ume to the pump volume. As the mean free path of the
atoms is much larger than the dimensions of the capil-
lary, the atomic flux @ is determined by the capillary
impedance, which should depend on the sticking coef-
ficient. We extract the sticking coefficient either from
the time constant of the resulting density decrease in the
buffer volume or the time constant of the decreasing flux
through the capillary.

The aim of the MR experiment was to determine the
fraction of atoms reflected specularly from a surface af-
ter a single collision per atom. Again a geometry with a
buffer volume and a pump volume was used (see Fig. 4).
Atoms are loaded into the buffer volume, from which
they may escape to the pump volume through a small
diaphragm. In this pump volume a concave mirror is sit-
uated which acts to reflect all specularly scattering atoms
back through the diaphragm into the buffer volume. In
the ideal case with unit probability of specular reflection,
this results in the absence of a density decrease in the
buffer volume. In the actual situation, the decay of the
stagnant density allows us to extract information about
the scattering process.

IV. EXPERIMENTAL APPARATUS

A. General cryogenic system

Our experiments are carried out in an Oxford Instru-
ments 1000 (1000 pmol/s maximum circulation) dilution

Capillary

Pump

FIG. 3. The principle of the capillary flow experiment.
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H inlet
Buffer Pump
volume
] | L] ] ]
/ /N
Irror
loss no loss loss
(out of focus) (adsorption)
(a) (b) (c)

FIG. 4. The principle of the mirror reflection experiment.

refrigerator*® with a maximum cooling power of 500 uW
at a mixing chamber temperature of 100 mK and an un-
loaded base temperature of 4.5 mK (see Fig. 5). The
sample cells were placed in the center of a 6 T super-
conducting magnet (Thor Cryogenics Ltd., 35 mm bore)
with a homogeneity in the center of 1:10% in a volume of
at least 1 cm?®.

B. The capillary flow cell

A schematic drawing of the capillary flow cell used in
the CF experiment is shown in Fig. 6. The cell body has
been made of a low magnetic impurity-type copper and
is connected to the mixing chamber by a 20 x 20 mm
copper rod. The H atoms are produced by a room tem-
perature discharge and fed into the cell from the bot-
tom through a thin-walled German silver filling tube of
5.6 mm inner diameter. On their way to the cell the
atoms pass two intermediate cooling stages, the accom-
modator, running at about 7 K, and the HEVAC, running
at about 650 mK.® The H| atoms are driven to the high
magnetic field region by field gradients and fluxing he-
lium vapor and are collected in a buffer volume (V;). Be-
cause of the difference in magnetic field between the dis-
sociator (almost no field) and the cell (6 T) only high field
seeking atoms enter the cell. Due to the relatively low
concentration of magnetic impurities, some double polar-
ization by preferential recombination of a states may oc-
cur. (The ground-state hyperfine levels are labeled a, b, c,
and d in order of increasing energy.) However, any double
polarization and subsequent change in relaxation rates is
completely unimportant in this series of experiments in
view of the relevant time scales involved.

All inner surfaces at cell temperature are covered with
a liquid-helium film. An upper limit of 110 A for the
thickness of this film is calculated by assuming the he-
lium content of the cell to be just short of being capable
to form bulk liquid. This corresponds to the maximum al-
lowed quantity of helium before its evaporation at higher
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temperatures in the fill tube gives rise to unacceptable
heat loads on the cell.

The buffer volume contains a doped germanium
bolometer?® and a capacitive pressure transducer. The

D — N—F
G Z
7

T
MAAN

W m >

7=

rrIL
<

(G

—

==NAN

K
N
M
O =0 = el 5 o
Q of
= G R
. / .
S T
U e
W et 11" v
L X

i
N4 ep—/

FIG. 5. Schematic view of our dilution refrigerator cryo-
stat. Explanation of symbols: A: Liquid-nitrogen bath
(77 K); B: main He bath (4.2 K); C: main magnet; D: He
pump line; E: pumped He bath (1.2 K); F: mixture pump
line; G: mixture return line; H: condensor and condenser
capillary; I: still; J: shield (800 mK); K: continuous heat
exchanger; L: pinning (600 mK); M: discrete heat exchanger;
N: pinning (200 mK); O: mixing chamber; P: cell heater; Q:
upper cell thermometer; R: NBS fixed point device; S: CF
cell; T: lower cell thermometer; U: thermal platform (about
300 mK); V: HEVAC (about 650 mK); W: accommodator
(about 7 K); X: pinning (about 80 K); Y: Teflon valve; Z:
room temperature dissociator.
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pressure gauge, which was previously used by Van
Yperen et al.,® has a sensitivity of 1.74 pF/Torr and
a noise equivalent pressure of 5 x 10~7 Torr (one stan-
dard deviation at a bandwidth of 1.25 Hz) which corre-
sponds to a minimum detectable density of 1x 10!3 cm~3
at 500 mK. The noise was due mainly to voltage noise
originating in our General Radio capacity bridge. The
pressure gauge also displayed long term drift, induced
by changes in the magnetic field. The buffer volume
was etched and thoroughly cleaned to free it from mag-
netic impurities, thereby reducing impurity relaxation
(and subsequent recombination).5! The effective volume
of this compartment, defined as

V= /V [n(x) /nodr

=/Vexp (M_B[EIS;)T__BQ> dr , (33)

ranges from V, = 5.3(4) cm® at 70 mK to 10.0(1) cm?® at
500 mK. Here By and B(r) are the magnetic fields at the
entrance of the capillary and at position r, respectively,
ng and n(r) are the corresponding atom densities, up is
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FIG. 6. The experimental cell for the capillary flow ex-
periment.
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the Bohr magneton, and T is the gas temperature.

Atoms will move from the buffer volume to the pump
volume through the capillary, where they are subse-
quently removed by a pump plate (PP) which also serves
as a flux detector. The PP detection method is described
in detail elsewhere.52 The flow capillary has a length of
21.97(3) mm, an inner diameter of 0.496(3) mm, and
1.1(1) mm outer diameter. Aiming for a smooth inner
surface we used a commercial Pyrex capillary tube which
was ground down to the specified outer diameter to fit
inside the bore of a small superconducting magnet in
the cell to throttle the capillary flow as described be-
low. The main field is homogeneous to within 1:10% over
the capillary region. The capillary is glued into a cop-
per plate using Stycast 1266 epoxy.>3 To account for the
difference in thermal contraction between the Pyrex and
the copper, the thickness of the Stycast is chosen such
that the combined thermal contraction of the Pyrex and
the epoxy matches the thermal contraction of the cop-
per closely over the whole temperature range from room
temperature down to our operating temperature. A suf-
ficiently accurate rule of thumb turns out to be d = r/3
(d the thickness of the epoxy between Pyrex and copper
and r the radius of the capillary). Before gluing, the cap-
illary was sealed off at one end, which enabled us to test
the bond to the copper plate for leaks before cutting the
capillary to its proper length and assembling the cell as
a whole. The joint was found to be vacuum tight to tem-
peratures below the lambda point, even after repeated
cycling between room temperature and helium tempera-
tures. It proved essential to roughen and clean the outer
surface of the Pyrex thoroughly to obtain a good bond.
For roughening the grinding procedure turned out to be
sufficient, provided not too fine a grade was used. Clean-
ing was done ultrasonically using ethanol, acetone, and
freon.

The flow through the capillary may be throttled by lo-
cally reducing the field to less than 5 T with a small mag-
net coil mounted around the capillary in the upper com-
partment. The coil has been wound with 12.500 turns of
NIOMAX CN superconducting wire®* with thickness of
about 60 um (including insulation) on a copper former
with a bore of 1.2 mm. To reduce eddy currents, the for-
mer had a radial slit of 0.3 mm width, filled with Stycast
1266 epoxy. The turns were impregnated with Cyanolit
201. The Cyanolit cracks if cooled down, thereby en-
abling the liquid helium in the cell to cool the windings.
The outer diameter of the coil was 11.8 mm. It is capable
of producing a field of 1.3 T at a current of 1 A. By apply-
ing this field in the direction opposite to the main field,
an energetic barrier for the H| atoms is created, thereby
effectively isolating the lower part of the cell from the
upper part. For a temperature of 200 mK we calculate
a reduction of the atomic flux to about 9% due to the
throttling field if we assume a sticking coefficient s = 0,
and even to 3% if we assume s = 1. By observing the
pressure decay with and without the throttling field we
were able to verify that the intrinsic recombination in
the cell was mostly due to recombination in the upper
compartment. This pressure decay was completely dom-
inated by the loss of atoms through the capillary when
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the PP detector was activated.

An assembly of two additional bolometers was also
placed in the upper part. As these detectors were not
used in the actual measurements, we omit further de-
scription in the current context.
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FIG. 7. The experimental cell for the mirror reflection
experiment.

C. The mirror cell

The cell used in the MR experiment is shown in Fig. 7.
In this case the buffer volume is separated from the pump
volume by a diaphragm. The surfaces of the cell were
again covered with a film by admitting into the cell a
quantity of typically 0.02 cm3 of liquid helium. This cell
was connected to the mixing chamber by a 22 x 22 mm
copper rod.

To produce the H atoms we changed over to a cryo-
genic RF dissociator operated at 600 mK and situated
above the cell just outside the same 6 T superconducting
magnet as used in the CF experiment. The dissociator
was used in an earlier experiment by our group4 except
for the helix, which was replaced by a helix of thicker
copper wire in order to improve cooling. This four-turn
helix was 13.5(5) mm in height with an outer diameter
of 9.1(1) mm and a pitch of 0.33 mm~! and was made
from 1.55(5) mm diameter uninsulated commercial cop-
per wire. It was glued with Eccoshield VSM silver filled
epoxy®® into a pothole drilled in the dissociator flange.
To couple the RF power into the helix, a one-turn cou-
pling loop from a copper wire 0.75(5) mm diameter and
an outer diameter of 8.6(1) mm was glued to the end of
the inner conductor of the RF feed line with Eccoshield
VSM. The loop and helix were wound in opposite sense
for optimal coupling.3® This resulted in a dissociator with
resonance frequency of 773.2 MHz and a Q factor of 460
at room temperature. At 4.2 K the resonance had shifted
to 776.5 MHz and the @ factor rose to 725. The H| flux
entering the cell reached 1 x 10'4 atm/s with an input
peak power of 32 mW during a pulse of 120 us and a rep-
etition rate of 150 Hz. As the dissociation energy of Hy
is 4.5 eV, this corresponds to a dissociator efficiency of
6%. Crucial to starting the discharge proved a magnetic
field exceeding 34 mT.

The dissociator is connected by a thin-walled stainless-
steel tube of 6 mm diameter and 11 mm length to an in-
termediate cooling stage at about 200-400 mK, depend-
ing on the cell temperature. To effectively cool the at-
oms and to recondense the helium vapor coming from the
dissociator, this cooling stage is configured as a labyrinth
with four right turns in the path of the atoms. Just before
this labyrinth a germanium trigger bolometer is located
in order to enable quick removal of any atoms remaining
in the dissociator region after filling the buffer volume.

The high field seeking atoms (a and b states) are forced
into the buffer volume by the magnetic gradient of the
main coil. In order to minimize recombination losses
great care was exercised to avoid magnetic surface im-
purities in the buffer volume by using a low magnetic
impurity-type copper®® and careful etching and clean-
ing. Soldered to the bottom of the buffer compartment
is a 50 pum thick copper foil containing a 0.25 mm ra-
dius orifice through which the atoms can escape to the
pump volume. The effective buffer volume V; [accord-
ing to Eq. (33) with B(0) at the diaphragm] ranges from
10.12 cm® at 80 mK to 10.39 cm?® at 400 mK and is thus
only very weakly dependent on temperature.

The pump volume contains a concave hemispherical
fused quartz mirror with a radius of 9 mm, ground to
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optical precision. If this mirror is perfectly aligned with
the orifice, an angle of reflection of an atom of about 1°
with respect to the normal is sufficient to let the reflecting
atom miss the orifice. The mirror is mounted in a copper
sliding piece using Stycast 1266. To account for thermal
contraction, the thickness of the Stycast layer has been
matched to the thickness of the mirror stem with the
method described above. While the epoxy was cured,
the position of the focus was aligned to the vertical axis
of the sliding piece by a laser system to an accuracy of
better than 50 um. The sliding piece fits into the cell
with a tolerance of less than 5 ym and can be moved up
and down over a distance of about 4.8 mm.

At first the sliding surfaces were made of polished cop-
per, but as this resulted in severe damage after moving
the piece up and down several times before the start of
the experiment, we changed the sliding surface to Teflon
rings of about 0.5 mm thickness, fitting tightly on the
copper substrate and fixed in position by a rim of Stycast
1266. To ensure smooth operation at low temperatures,
it proved essential to polish the Teflon surface to a high
finish. The sliding piece was connected to a push and
pull mechanism extending to an inchworm motor situ-
ated at room temperature. This inchworm motor may
be positioned with an accuracy of 0.5 um relative to the
cryostat outer shield. To prevent damage to mirror and
diaphragm, the displacement of the sliding piece was lim-
ited by stops also functioning as internal reference points
for the mirror position. To prevent the occurrence of
a pool of liquid helium at the bottom of the mirror a
1.1 mm hole was drilled at the axis of the mirror. This
channel is also used to insure efficient evacuation of the
lower part of the cell.

The atoms not reflected back into the buffer volume
will travel randomly in the pump volume and may reach
a PP detector through a slit between the outer wall of the
buffer compartment and the inner cell wall. This annular
slit is 0.5 mm wide over a length of 1.2 mm, followed by a
2.5 mm wide section over 35 mm. The probability for an
atom moving randomly in the pump volume to reenter
the buffer volume is calculated to be at most 2% of that
to reach the pump plate.

The pump plate used in the MR experiment is mounted
around the neck of the buffer volume. The design devi-
ates slightly from that described in Ref. 52. The plate
is cut out of 50 um thick copper foil and is suspended
by three 16 pum tungsten wires. To try to reduce mi-
crophonic noise these wires were put under tension with
stainless-steel springs exerting a force of 100-200 N at
room temperature. This design turned out to be fairly
shockproof. The operating temperature of the pump
plate was 1.1 K with a heating power of typically 16 uW.

D. Surface roughness

Crucial to both experiments is the quality of the scat-
tering surface, the inner surface of the capillary in the
CF experiment, and the mirror surface in the MR exper-
iment. In order to estimate this quality we used a scan-
ning electron microscope with a maximum resolution of

J.J. BERKHOUT AND J. T. M. WALRAVEN 47

about 100 A.

To determine the smoothness of the inner surface of
the capillary used in the CF experiment, we put a sam-
ple of the same rod from which this capillary was made
under the microscope. The results show a very smooth
inner surface with no noticeable roughnesses of more than
100 A in height except for some isolated grains of dirt
and some scratches. For the test sample the total area
of damaged or dirty surface was less than 1% of the to-
tal surface area. The nature of the scratches leads us to
believe that they were the result of the mechanical abra-
sion necessary to prepare the test sample. Therefore, to
our estimate, less than 0.1% of the inner surface of the
capillary used in the cell was not smooth.

The mirror surface was itself checked for microscopic
roughness. This required the evaporation of a layer of
chromium (about 50 A) followed by a layer of gold (about
200 A) on the surface. The surface was found to be very
smooth, except for some pores with typical dimensions
1 pm not exceeding 0.3% of the total area. These holes
possibly are an intrinsic property of the type of fused
quartz from which the mirror was made. We estimate
that not more than 1% of the atoms are lost from the
specular beam due to static surface irregularities, which
is negligible to the loss due to other geometrical factors
such as the coma of the mirror. As the metallic layer
on the quartz was damaged chemically by Hs gas in a
preliminary stage of the experiment, we repeated the final
polishing stages on the surface, using the bare quartz
surface in the experiment.

We assume any irregularities of size less than 100 A
to be smoothed out by the helium film. To support this
assumption, we numerically analyzed the behavior of a
helium film over a solitary cylindrical obstacle with a
radius of 100 A and a height of 100 A on top of an other-
wise perfectly smooth surface. We assume the substrate
potential to result from addition of pair interaction of
a test particle with the individual substrate atoms. In
our model we treated the substrate as a homogeneous
mass distribution. If the contribution to the total van
der Waals potential due to a volume element d3z in the
substrate is given by

6
dUyqw = —-ﬂr—edax ’ (34)

integration over a half-infinite three-dimensional sub-
strate results in the usual expression for the van der
Waals potential Uyqw = —a/d®. We numerically inte-
grated Eq. (34) to obtain the van der Waals potential
Uyaw(r, 2) for any position above our model substrate.
The hydrostatic pressure p in an incompressible liquid
covering this substrate is given by

pvdW(r’ Z) = _pO[UvdW(r’ Z) - UvdW(ref)] ) (35)

where Uyqw (ref) is the van der Waals potential at the
surface of the liquid at infinity (above the flat plane
reference). The surface tension also contributes to the
hydrostatic pressure. At the liquid-vapor interface this
pressure is given by
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= ! + ! (36)

p’Y =7 1_21 .R2 ’
where R; and R; are the principal radii of curvature of
the interface. As the gas and vapor pressures are negli-
gible the total hydrostatic pressure at the surface has to

be zero. The shape of the surface is therefore obtained
from

pvdW(r$ Z) +p7(r,z) =0 3 (37)
resulting in
1 1
Po [UvdW(ra Z) - UvdW(ref)] =7\ 5 + = . (38)
1%1 }{2

We calculated this shape numerically by relaxing the sur-
face to zero total hydrostatic pressure for several film
thicknesses. Figure 8(a) shows an example of a plot of
the surface height as a function of distance to the center
of the cylindrical obstacle for a film thickness of 60 A.
The angle of the film surface with respect to the plane of
the substrate for this surface is shown in Fig. 8(b). The
results for the maximum angle of the film surface with
respect to the plane of the surface are given in Fig. 9 for
several film thicknesses. For film thicknesses greater than
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FIG. 8. (a) Surface height of a *He film of 60 A above a
cylindrical obstacle of 100 A as a function of the distance to
the center of the obstacle; (b) angle of this film surface with
respect to the plane of the surface.
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function of film thickness.

about 120 A this maximum angle, which is only reached
in a small area, is smaller than 3°. A deviation of 3° for
a specularly reflecting atom means that only after some
tens of collisions an appreciable amount of momentum
transfer parallel to the surface is achieved. We conclude
that this amount of surface roughness is unimportant in
the CF experiment for the temperature regime studied.
As the resolution of the MR experiment is about 0.6°,
this type of deviation might be of importance in this ex-
periment. However, we believe that the total area thus
affected is small enough to reduce the effect to a com-
pletely unimportant level. This assumption is supported
by the observed reflectivity of the mirror as described
below.

E. Thermometry

The temperature of each cell was monitored by two
separate carbon resistors (Matsushita 200 Q). One of
these thermometers was situated on the copper connec-
tion rod between the cell and mixing chamber, in a region
were the stray field of the 6 T coil was reduced to less than
0.1 T. The other thermometer was placed on the buffer
compartment of the cell. The zero-field values of these
thermometers were calibrated in previous runs against
3He vapor pressure and a NBS SRM 768 fixed point su-
perconducting device providing five separate reference
temperatures consisting of the transition temperatures
between the normal and superconducting states of sam-
ples of Auln; (with transition temperature of 205.4 mK),
AuAl; (162.53 mK), Ir (98.7 mK), Be (23.6 mK), and
W (15.3 mK). Only the upper three reference points were
actually used.

The Matsushita thermometer values were checked
again in the CF experiment against the NBS device and
in the MR experiment against a 3He melting line ther-
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mometer and turned out to be correct within 3 mK over
the whole temperature range of interest. While calibrat-
ing these thermometers, we discovered an error in our
previous assumptions regarding the NBS device. The
transition temperature of the superconducting materials
is specified for zero magnetic field and shift to lower tem-
peratures with increasing field. The magnetic field also
causes hysteresis, that is, the temperature of the tran-
sition going from lower to higher temperature is higher
than the temperature of the transition while going from
higher to lower temperature. This difference in temper-
ature has a known linear relation to the magnetic field
for low fields, and as the shift in critical temperature has
a known linear relation to the field too, the true critical
temperature may be obtained by determining the mag-
netic field from the hysteresis and correcting the critical
temperature for this field. However, for sufficiently high
magnetic fields, the hysteresis saturates, but the critical
temperature keeps shifting. This leads to an underesti-
mation of the actual magnetic field and thus to an under-
estimation of the shift in critical temperature. For the
Auln, transition, which shows the largest hysteresis of all
five transitions, this saturation was found to occur at a
field of the order of 23 uT. In our cryostat it turned out
not to be possible to cancel the field sufficiently to enter
the linear regime. We estimate that due to this effect
our thermometry has an additional uncertainty of about
1 mK, which is small compared to the other sources of
error. The field dependence of the thermometer calibra-
tions was determined by comparing the thermometer in
near-zero field to the thermometer in high field.

To facilitate the use of our melting line thermometer,
we put additional temperature pinning points in the fill-
ing capillary. From the melting line thermometer itself at
cell temperature, the capillary was pinned first to a point
connected to the cold plate of the dilution refrigerator,
then to a point having the temperature of the cell, and
then to the cold plate pinning again. By including this
last pinning point, it is not necessary anymore to let the
cell temperature cross the temperature of the cold plate
pinning point at exactly the temperature of the minimum
in the melting line in order to avoid motion of the solid
plug in the capillary. Instead, as long as the cold plate
pinning point is kept lower in temperature than the cell
until the latter passes the melting line minimum temper-
ature, a strong solid plug in some part of the capillary
(though not always the same part) is assured at any time.

V. MEASUREMENTS

A. Capillary flow experiments

In the CF experiments we determined the sticking
probability as a function of temperature by measuring
the capillary flow impedance by observing either the den-
sity decay (with the pressure gauge) or the hydrogen
atom flux (with the PP detector).

Measuring with the pressure gauge the whole cell is
first filled with H| up to a density n ~ 2 x 1015 cm™3.
Then the pump plate is heated to its operational temper-

ature and one monitors, after a short (< 1 s) transient
due to the recombination of the gas in the pump volume,
the exhaust of the buffer volume through the capillary.
Since the area of the pump plate is much larger than
the area of the entrance orifice of the capillary, the prob-
ability of the H| atoms to return to the buffer volume
is negligibly small (<« 1073). A typical pressure decay
measurement is shown in Fig. 10.

Measuring with the pump plate one monitors the H
flux during filling and decay. The sensitivity of this
method is at least 3 orders of magnitude better than
that of the pressure measurements. A typical pump plate
measurement is shown in Fig. 11.

Neglecting recombination and gas collisions the flux ®
of atoms escaping V}, through the capillary is given by

® = InvAK , (39)

with n the density in the buffer volume, A = ma? the
area of the entrance orifice of the capillary of radius a,
and K the transmission coefficient. This flux equals the
rate of change of the number of atoms N in the buffer
volume, leading to the density decay

dn/dt = —3KnvA/V, = —n/7 , (40)

with 7 the time constant of the density decay. From our
measurements we determined the time constants of the
decay by a computer analysis. To correct for recombina-
tion in the buffer volume and collisions in the gas phase,
we included a second-order decay term in the equation
to be fitted:

dn/dt = —cin — con? (41)

with ¢; = 71 ! and ¢y the first- and second-order decay
constants. As ¢; is dominant, the flux depends linearly
on the density and an equation of the form of Eq. (41)
may be written for the flux decay as well. Equation (41)
is integrated analytically and the result is fitted to the
pressure or flux decay data to extract ¢c; and c;. Data
were only collected in a temperature regime where the
helium vapor pressure did not significantly impede the
flow and recombination losses could be neglected.

We note that the fraction of the atoms entering the
tube over the surface is small, 4.7% for *He surfaces at
T = 145 mK. At this temperature the residency time 7,
is about 7 us, which is much longer than the momentum
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FIG. 10. A typical pressure decay measurement.
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FIG. 11. A typical flux decay measurement.

relaxation time 1.1 ns of the adsorbed atoms.%® Hence the
motion of the adsorbed atoms is diffusive and the mean
square displacement from the adsorption site is negligibly
small (about 5 pm).

Throughout this paper we neglect the effects associated
with the finite transmission time through the capillary.
This transmission time may be estimated by

2N.:a

Ter = ) (42)
where N, is the average number of wall collisions a trans-
mitted particle has undergone. For purely diffusive flow
N, = L?/(8a?%),57 where L is the length of the capil-
lary, we find ¢, ranges from 12 ms at 77 mK to 5 ms at
500 mK, much less than the observed density decay time
constants. In the specular limit N, = L/a and 7, is even
smaller.

The role of wall collisions only enters into Eq. (40)
through the transmission coefficient K. Assuming the at-
oms to scatter purely diffusively according to a cosine dis-
tribution (which corresponds to a sticking probability of
one), one obtains the transmission coefficient calculated
by Clausing (K¢). An accurate fitting formula for K¢ is
given by Berman:®® defining F = L/a, G = (F2? + 4)'/2,
and H = In([F + G]/2), then

(8 — F?)G + F3 — 16)?
72FG — 288H

Kc=1+31F(F-G) -
(43)

This coefficient K¢ is purely determined by geometrical
factors and thus temperature independent. In the Knud-

sen regime for long capillaries the Clausing factor is given
by59

8a
o~ K = oo (49)
The decay time constant 7y for K = Kx would be
3LV,
T1 = Tmax = EXO% . (45)

In the absence of momentum transfer parallel to the sur-
face, as in the case of specular reflection, the transmission
coefficient of the capillary becomes 1 and the decay time

constant 7; becomes

4V,
Ap

For our capillary L/a = 88.6(6) and therefore Ko =
0.0284, resulting in a maximum possible enhancement
of the decay time by a factor of 35. The transmission
coefficient K in the experiment follows as K = 79/71.
The observed decay times 71 typically are 5-10 s. The
experimental results for K are given in Table I.

As the aim of this experiment is the determination of
the sticking coefficient s we need to know the relation
between K and s. In the case of s = 0, K remains
1 even for infinite capillary lengths, but for s = 1 the
transmission coefficient K becomes the Clausing factor
K¢ and approaches the asymptote Kx. The relation
K(s) is given by De Marcus as approximately®®

_ (K —1)s+2
K(s) = Kom—goys voks -

T =T0 = (46)

(47)
Inversion of this relation results in
TABLE I. The experimental results of the CF experiment

for K vs T obtained with the pressure gauge and the PP
detection method for all different helium contents of the cell.

Method Cell contents T (mK) K
Pressure gauge Pure *He 193(3) 0.391(32)
213(3) 0.360(17)
233(3) 0.338(14)
263(3) 0.340(13)
303(3) 0.309(17)
353(3) 0.264( 9)
403(3) 0.258(11)
453(3) 0.240( 8)
503(3) 0.236( 6)
528(3) 0.200(15)
Pressure gauge 0.2% 3He 163(3) 0.459(29)
182(3) 0.420(22)
203(3) 0.391(22)
Pressure gauge 5% 3He 164(3) 0.422(26)
PP method Pure *He 146(3) 0.463(23)
155(3) 0.429(19)
164(3) 0.407(18)
183(3) 0.387(17)
213(3) 0.353(13)
253(3) 0.334(11)
323(3) 0.290( 8)
PP method 5% 3He 77(7) 0.551(55)
92(6) 0.518(41)
101(5) 0.495(34)
110(5) 0.472(30)
119(4) 0.466(27)
128(4) 0.453(24)
137(3) 0.437(22)
146(3) 0.421(20)
155(3) 0.422(20)
164(3) 0.379(18)
173(3) 0.374(17)
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2K¢(1 - K) ,
(K+ Kc)(1-Kc)

Unfortunately, the use of this inverted formula may result
in large relative errors in s for K close to 1. We there-
fore simulated the flow through the capillary by a one-
speed test particle Monte Carlo computer simulation®!:62
in which we assumed the atom to have a probability s to
stick to the surface and to scatter specularly otherwise.
This assumption is justified in Sec. II. We calculated K
as function of L/a for several values of s (see Fig. 12).
We show in Fig. 13 the results of K versus s according to
De Marcus and our simulation, calculated to within 1%
using 10° particles. Our results are described within 3%
by the empirical form

s(K) =

(48)

1-K [Ko]Y?
=1%o [T{C'] (398K (1 4 42AK?),  (49)
where AK = K — K¢.

The capillary flow simulation was based on the assump-
tion that after sticking the atom is desorbed from the
surface in a random direction according to a cosine dis-
tribution:

P(6,$)d0 dp = 2 cos 6(d2/27) . (50)

In general, we should apply detailed balance to relate
the velocity distribution of desorbing atoms Peuu(T, V)
to the atomic sticking probability as in Eq. (26). For
s(v) = s(T) this equation leads to Py (T, v) = Pout (T, v),
i.e., the particles will desorb from the surface according to
a cosine distribution. This assumption [Eq. (50)] leaves
no room for a temperature dependence of s(T').

The results of the capillary flow experiment as pub-
lished in an earlier report, based on the simulation as-
suming s(v) = s(T') (the one-speed model), are summa-
rized by the relation s/T" = 0.33(3) K~ for 145 mK<
T <526 mK.?! In view of the fact that the observed
sticking coefficient is not temperature independent, the
assumption of a fixed atomic sticking probability for
each atom independent of its velocity and angle of in-
cidence became suspect. The linear dependence of s(T)
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FIG. 12. The transmission coefficient K as function of

the length over radius quotient L/a for several fixed atomic
sticking probabilities.
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FIG. 13. The thermally averaged sticking coefficient s as

a function of the transmission coefficient K according to (a)
the De Marcus calculations (dashed line); (b) our model with
fixed atomic sticking coefficients (solid line); (c) our model
with velocity-dependent atomic sticking coefficients (dotted
line).

on T suggests an atomic sticking probability of the form
s(v) ~ v?% cos 6, with Eq. (24) resulting in

s(v) = s(T) (SZST) vZcosf . (51)

The distribution of desorbing atoms after sticking then
should be

3 m \?
Pout(T, V)dV = -2? (-2—103—71)

2
3o —mu
xv® cos” 6 exp (_—2k3T> av . (52)

We resimulated the capillary flow based on this model
(the velocity-dependent model). The above formula for
s(v) breaks down for atoms with a velocity in excess
of [r/3s(T)]'/%7, as this leads to a sticking probability
of more than unity. Therefore, for large [s(T") > 0.25]
sticking coefficients we expect this model to be insuffi-
ciently accurate. The model is also suspect in the low-
temperature limit, as theory predicts s(v) ~ v. In fact,
recent experiments have shown that for helium films s(v)
need not even be monotonous in T at low temperature,33
possibly due to substrate effects.#546 Furthermore, the
cos @ angular dependence of s(v) as suggested by sim-
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ple theory is only approximately correct outside the low-
temperature [s(v) ~ v/T] regime. The result of the new
simulation therefore only indicates the influence of the
particular model used to analyze our data.

The simulation starts with an atom placed at a ran-
dom location in the entrance of the capillary having a
speed generated with the relation u, = (y + 1) exp(—y)
with y = (mv?)/(2kpT) and u, a uniformly distributed
random number in the range 0 < u, < 1. The direction
of departure is chosen randomly according to a cosine
distribution. When a wall collision occurs, the atom has
the probability s(v) = 2s(T)ycosé to stick to the sur-
face. After sticking, the speed of the atom is determined
by uy = (%y2 + y + 1) exp(—y) to comply with the de-
tailed balance. The result may be described to within
0.7% relative error in s(K) in the range 0.03 < s < 0.25
by the empirical formula

s(K) = 0.134¢>20-K)* 1 11700780~ K)
—0.09(0.5 — K)3 — 1.31525 . (53)

This formula may be extended to the interval 0 < s <
0.35 while the relative error between this formula and the
results of the simulation remains < 1.5%. This result is
also shown in Fig. 13.

The models on which the computer simulations are
based clearly represent a simplified picture of the physics
involved. The measurements are sensitive for any process
that leads to momentum transfer in the direction along
the axis of the capillary tube. This is most effectively
done by atoms that stick some time to the surface, but
more generally results from any inelastic scattering pro-
cess or surface roughness. Hence our models tend to over-
estimate s. This is in particular the case for the velocity-
dependent model in which the contribution to the trans-
mission by atoms at grazing incidence is disproportion-
ally large. In view of the theoretical assertion?3:3947 that
the sticking channel is most effective in exchanging en-
ergy and momentum between gas and surface it seems
reasonable to assume that the effect of inelastic scatter-
ing is small compared to the experimental accuracy.

The results of the experiment based on the one-speed
model and those based on the velocity-dependent model
are given in Fig. 14. For ‘He the results are shown by
the open circles, obtained from pressure decay measure-
ments, and the solid circles, obtained from flux decay
measurements. Note the excellent agreement between
both methods. Each data point represents the average
of at least four measurements, the error bar being the
standard deviation of the results, augmented by a small
systematic error. The sticking coefficient, based on the
velocity-dependent model, substantially differs from our
previous analysis. It is still linear in temperature, but
whereas the previous analysis resulted in a sticking co-
efficient which may be described as s/T = 0.33(3) K~!
for 145 mK< T < 526 mK, the new analysis renders
s/T = 0.65(6) K~! in the same temperature range.

Due to the inherent shortcomings of both models to
relate s to K it is hard to express a strong preference
to one or the other. The uncertainty in the relation
between K and s shows this type of experiment to be
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not very suitable to determine s(7T") with precision, al-
though the linear temperature dependence of s appears
to be well established. The enhancement in transmis-
sion of the velocity-dependent model with respect to the
one-speed model is mainly due to the population of low-
velocity particles and atoms striking the walls at grazing
incidence. As discussed above, it is this population for
which the velocity-dependent model is most unreliable.
We therefore have a slight preference for the results of
the one-speed model although this preference is some-
what speculative.

Adding a small amount of 3He (0.2%) to the “He in
our cell we noticed a clear reduction of the recombina-
tion rate, indicating a reduction of the binding energy
and implying a definite change in adsorption potential
and in ripplon dispersion (the surface tension falls from
¥ =354x10"%Jm™2 to vy = 1.53 x 10~ Jm~2 when
changing from pure “He to pure 3He surfaces).43:44:63
However within experimental error no effect was observed
on s (open triangles in Fig. 14). Increasing the 3He frac-
tion to 5% a small (about 10%) increase in s was observed
at 164 mK with the pressure gauge (open square). Under
these conditions we estimate the local 3He concentration
in the cell to be at least 30% and hence expect H| to scat-
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FIG. 14. The sticking coefficient as a function of temper-
ature, based on a model with fixed atomic sticking coefficient.
Solid line: s = 0.33T. Open circles: pure “He surface, pres-
sure decay measurements; solid circles: pure *He surface, flux
decay measurements; open triangles: mixture with 0.2% 3He,
pressure decay measurements; open square: mixture with
5% 3He, pressure decay measurement; solid squares: mixture
with 5% 3He, flux decay measurements.
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ter from a 3He-rich phase. Most of our 5% 3He results,
shown as solid squares in Fig. 14, were obtained with
the pump plate and are in fair agreement (10%) with the
164 mK pressure gauge result. Adding 50% 3He with
the flux decay measurements no change was observed on
s. No further pressure measurements could be done as
bulk liquid started to collect in the pressure gauge. The
results on 3He/“He mixtures in the cell are described by
the same formula as those on pure 4He substrates within
the range of 73 < T' < 174 mK for our measurements.
Although the reliability of our thermometry rapidly de-
creases below 100 mK the trend of decreasing sticking
probabilities with decreasing temperatures clearly con-
tinues down to our lowest temperature.

To incorporate the effect of binary gas collisions in our
one-speed model, we randomly generated collisions using
a mean free path A corresponding to the local density n in
the capillary according to A = (16v/2nc/97)~!, where o
is a hard-sphere scattering cross section.®* The local den-
sity was based on the wall-collision rate calculated with
the same simulation, but neglecting gas collisions. After
a gas collision, the test atom was restarted in a random
direction, sampling an angular distribution chosen to be
isotropic in the laboratory system. We may describe our
simulation results for the density dependence of K by

K ~ Ko(1 — oo Kon) . (54)

Here Kj is the transmission coefficient in the zero den-
sity limit and A\p = 6.1 mm is a reference length pro-
vided by the simulation. Equation (54) only holds in the
extremely rarefied limit. At higher densities K should
show the Knudsen minimum before entering the vis-
cous regime.%% In our measurements A > 2 cm, com-
parable to the length of the capillary. We thus find
c1 = Ko/mo and ¢z = —0XoK2 /70 + Krec, Where Kiec
is a rate constant accounting for recombination. These
expressions show that gas collisions do not affect ¢;.
To look for effects of gas-phase collisions, we analyzed
our pressure decays with pure *He surfaces to extract
ca. Values for co were obtained starting the fits at a
fixed initial density no = 5 x 10* cm~3. We found
co = —A+B(T —Tret), with A = 6.2(15) x 10717 cm3s™1,
B =8(14) x 107!7 cm3s™ ! K™, and Tyer = 270 mK. We
established experimentally that the contribution of Kiec
to cp was negligibly small. Once o is extracted from cg
the coefficient of self-diffusion follows with D = 1,64
which is found to be temperature independent within
experimental error. Averaging over all data we find
nD = 1.3(5)x 108 cm~!s~!, in good agreement with the
theoretical value of Lhuillier nD = 1.5x 108 cm—1s~1.6

This agreement with theory is rather fortuitous. If we
take into account some effect of the speed of the particle
from which the atom collides by assigning the atom after
collision a velocity according to a random distribution in
the reference frame moving with the mean drift speed of
the atoms in the capillary at the location of the collision,
the results for the diffusion constant change by a factor
of 10. Clearly the one-speed test particle method is not
suited to accurately account for gas-collisional effects, al-
though the origin of the c; term is well established. In

view of the large experimental error in c; and the avail-
ability of high-quality NMR data for spin diffusion®” we
did not pursue the refinement of simulation methods for
gas collisions any further.

B. Mirror reflection experiment

The aim of the MR experiment was to study the H-
surface scattering at normal incidence with high angular
resolution. The atoms escaping through the orifice in the
bottom of the buffer volume give rise to a highly diver-
gent atomic beam in the pumping volume. We observe
the influence of the position of the mirror on the density
decay time of the H gas in the buffer reservoir. If the cen-
ter of the mirror coincides with the center of the orifice
the atoms in the beam will be specularly reflected back
into the reservoir. The net flux through the diaphragm
may be expressed as

® = invAx , (55)

with A the area of the orifice and x a loss factor repre-
senting the probability that the atoms are not scattered
back into the buffer volume. This equation closely re-
sembles Eq. (39), but with x replacing K. For our setup
100% reflectivity of a perfectly aligned mirror would cor-
respond to x = 0.042, as limited by geometrical factors
and image aberrations such as coma. For densities up
to n = 10'* cm™3 interatomic collisions in the beam are
completely negligible. This analysis implies that the leak-
age from the reservoir may be largely suppressed with the
mirror. The total loss factor x is due to several loss mech-
anisms, like surface roughness, coma, sticking, etc. For
N independent loss mechanisms with loss factors x; the
total loss factor x may be written as

N
x=1-JJa-x) . (56)
i=1

As in the CF experiment, we assume the density decay is
given by Eq. (41). The density at a time ¢ is then given
by

cinge~ 1t
c1 + canpfe—c1t — 1)

n(t) = (57)

We assume the reduction of the density is only due to
the escape of atoms from the buffer volume to the pump
volume, so the flux is given by

&(t) = —dN(t)/dt = —V.dn(t)/dt . (58)

As we no longer could neglect the influence of ¢y, we use
this exact equation, resulting in

clVenge"clt
c + cm‘bo(e‘clt - 1)

—ait
cicanpe™
X [01 + .

c1 + Czno(e_clt — 1)
We fit this formula to our data to obtain c; and ¢;. The
second-order constant now represents the possible influ-

B(t) =

(59)
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ence of gas collisions, recombination, and a first-order
correction for the time constant (about 0.5 s) of the pump
plate flux detector.

A typical measurement is shown in Fig. 15. We plot
the observed loss factor

X = To/T1 = 170 (60)

as a function of the vertical position z of the mirror.
Here 79 is the first-order decay time in the absence of the
mirror, defined in Eq. (46), and ranging from 5.1 s at
80 mK to 2.4 s at 400 mK. The results clearly demon-
strate the occurrence of specular reflection of the atoms.
With the mirror far from focusing conditions, the decay
time is only slightly larger than that expected in the ab-
sence of a mirror. As the mirror is moved to bring the
diaphragm into focus, the decay time starts to increase
dramatically. As seen from the figure, the overall resolu-
tion of our apparatus is better than 300 ym (FWHM).
From each position scan we may extract the minimal x
value (Xmin) for a given temperature and film thickness.
The shape of the x curve is not exactly symmetrical with
respect to the position of xmin. We were able to devise
a model which reproduced the observed line shape. This
model incorporates the effects of multiple scattering of
the H atoms in the mirror compartment and the geom-
etry of this compartment and the mirror itself. We re-
frained from using this model to fit our data. While the
many assumptions on which this model was based were
all plausible, as a whole it is rather speculative. Its value
lies in the demonstration that the observed line shapes
are in principle understood. To obtain consistent results
and reduce the influence of noise in the data we fitted
each position scan to an empirical function in which the
width of the observed curve € and the position of Xmin
were treated as free parameters, while for the loss factor
far from focus we took the calculated x,. The function
was chosen to result in a good fit to all measured scans
and was of the form

1 Xmin — X3t
Xs T i 2 . 61
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FIG. 15. A typical loss factor measurement.

We also analyzed our data with the same function, but
treating 79 as an additional free parameter. The aver-
age of 79 over all data agrees within 1% with the cal-
culated value as given by Eq. (45), while individual fits
deviated on average about 7%. A summary of our re-
sults for xmin as a function of temperature is shown in
Fig. 16. The triangles represent our data for a satu-
rated *He film of estimated thickness 115 A.%® We pu-
rified our *He with a superleak. The 3He content is
=~ 0.2 ppm. As our measurements of s clearly show the
linear dependence on T', the sticking at normal incidence
according to theory is given by s; = %S(T) =yT. The
analysis of the CF experiment based on the one-speed
model therefore leads to v; = 0.50(5) K~!, whereas the
analysis based on the velocity-dependent model leads
to v1 = 1.0(1) K~1. The specular reflectivity at nor-
mal incidence R; may be estimated using the ansatz
Ry, =1-s,. For v; = 0.50(5) K~! we thus calcu-
late R; =~ 0.95 at T' = 100 mK. For ideal alignment of
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FIG. 16. Measured loss factors as a function of temper-
ature. Crosses: results on thin pure “He films; triangles:
results on saturated *He films; square: saturated *He film
with partial He monolayer coverage; circles: results on sat-
urated “He films with full *He monolayer coverage. Dotted
lines: expected loss factors with perfect mirror alignment and
s(T) = 0.33T (0.65T); dashed lines: fits to loss factors un-
der assumption s(T") = 0.337 (0.65T); solid line: fit to loss
factors, resulting in s(7") = 0.57'.
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the optics (x, = 0.042) and taking the loss factor due to
sticking xs = s = 71T, the temperature dependence of
Xmin Predicted is indicated by the dotted lines, the lower
one assuming v; = 0.50(5) K~! and the upper one as-
suming v; = 1.0(1) K=1. Most of the discrepancy with
the data may be explained by assuming a lateral mis-
alignment of the mirror or by residual roughness due to
surface imperfections of the quartz substrate. Both ef-
fects cause a temperature independent loss xr from the
specular beam,%® implying that only a lower bound for
R, may be extracted from the raw data. For instance,
a lateral misalignment of 30 um of an otherwise perfect
mirror leads to xr = 15%. The large loss factors ob-
tained for thin undersaturated films (crosses) may well
be understood in terms of substrate roughness.

Assuming s; = v;T and fixing v; = 0.5 K71, a least
squares fit to the saturated helium film data results in
xz = 23% (dashed lines), while fixing v; = 1.0 K—!
results in xz = 13%. These fits poorly describe the
data. Alternatively, assuming a linear temperature de-
pendence, s; = v T and treating v, and X as free pa-
rameters, fitting Eq. (56) to the data yields the full line
characterized by xr = 17% and v; = 0.74(5) K~!. This
fit satisfactorily describes our data. The value of ~; lies
between the values resulting from our determination of s
from both models.

In view of the high angular resolution of our experi-
mental setup of 10 mrad even ripplons with wavelength
as long as A = 3000 A carry sufficient momentum to
deflect H atoms out of the specular beam as defined
by the diaphragm. At wavelengths A > 500 A the dy-
namic surface roughness is dominated by thermal rip-
plons rather than by zero-point fluctuations which are
responsible for the sticking process. If we assume that
apart from the sticking-desorption process direct (non-
sticking) inelastic scattering by ripplons is also of impor-
tance, an additional loss factor is present which we shall
denote by xin. The direct inelastic scattering processes
neither show up in measurements of «, since they are
quasielastic, nor in measurements of s by the capillary
flow method, as to first order the momentum along the
capillary axis is conserved. The calculation by Hijmans
and Shlyapnikov, based on the application of the per-
turbative scattering theory to direct inelastic scattering,
results in xin(7") = v2T? with 2 ~ 0.7 K~2 for the prob-
ability at normal incidence to scatter out of the specular
beam.?® This result is independent of the exact shape of
the H-He potential.26:27 A least squares fit to the data,
assuming x, = 1T with fixed y; = 0.5 K~! (based on
our one-speed model and supported by the measurements
of the accommodation coefficient of Helffrich et al.32) and
Xin = Y212, yields vz = 0.5(1) K~2 and x1 = 0.20 (solid
curve). This curve also satisfactorily describes our data.
Given both fits discussed we are reluctant to use our data
to prove or disprove the existence of another inelastic
scattering channel, as reported earlier in our letter.

Evidence for the absence of static surface roughness
was obtained by increasing the film thickness by a factor
2, which had no effect on the observed loss factor. We
therefore assume xr is due to a lateral misalignment of
the mirror of about 40 um. Remarkably, as in the cap-
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illary flow experiment, no effect on the reflectivity was
observed by adding up to 0.1% 3He to the helium in the
cell. Under these conditions the presence of a full mono-
layer of 3He is to be expected on the surface of the mirror.

VI. CONCLUSIONS

In the capillary flow experiments we observe a strong
enhancement of more than a factor 10 of the flow rate in
comparison to ordinary Knudsen flow. This is related to
a small sticking probability s for the temperature regime
studied. For *He surfaces, using a fixed atomic stick-
ing probability in our model, we find s/T = 0.33(3) K
for 145 < T < 526 mK, while for a velocity-dependent
atomic sticking probability we find s/T = 0.65(6) K. We
have a slight preference for the first model. In Fig. 17
the results of the one-speed model are compared with all
other measurements in this temperature range. In par-
ticular the agreement with the results of Helffrich et al.
are striking. The experimental results of Doyle et al. are
not included in this figure as they apply to a tempera-
ture regime starting 1 order of magnitude lower than our
lowest results. Their results show an increasing sticking
probability with decreasing temperature. Both sets of
data need not be conflicting as a local minimum in s(T")
may result from substrate induced resonant enhancement
of the sticking process as discussed by Goldman, Hijmans
and Shlyapnikov, and Carraro and Cole. Within exper-
imental error the transmission through the capillary did
not change by adding up to 50% 3He at 150 mK. Results
for 3He/4He surfaces were obtained for 73 < T < 174 mK
and are described by the same relations. Our results show
that differences between sticking and accommodation co-
efficients observed in the early experiments are mainly
due to differences in temperature of observation.
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FIG. 17. Sticking probabilities and accommodation coef-
ficients by various authors. Crosses: results of Jochemsen et
al. (Ref. 28); big square: result of Salonen et al. (Ref. 30);
little square: result of SJKTT (Ref. 31); diamonds: results
of Bell et al. (Ref. 9); circles: results of Helffrich et al. (Ref.
32). The results of the CF experiment based on the one-speed
model is represented by the straight line s(7") = 0.337".
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Surface roughness may also lead to nonspecular reflec-
tion. In view of the remarkable smoothness of the inside
of the capillary as shown by the scanning electron micro-
scope, combined with the smoothing effect of the helium
film, we do not believe surface roughness of the Pyrex
substrate influences our data.

In the mirror experiments we measure at normal in-
cidence a lower limit of 80% for the specular reflectiv-
ity. Mirror and diaphragm enable us to study the specu-
larly reflected beam with an angular resolution of about
10 mrad. This resolution is sufficiently high to discrimi-
nate between specular and near-elastic scattering. How-
ever, the method is extremely sensitive for radial mis-
alignment. The coefficient for the direct inelastic process
may only be extracted with confidence, if precision data
for the sticking coefficient is available.
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